A variety of mechanisms deliver cytosolic materials to the lysosomal compartment for degradation through autophagy. Here, we focus on two autophagic pathways, the chaperone-mediated autophagy and the endosomal microautophagy that rely on the cytosolic chaperone hsc70 for substrate targeting. Although hsc70 participates in the triage of proteins for degradation by different proteolytic systems, the common characteristic shared by these two forms of autophagy is that hsc70 binds directly to a specific five-amino acid motif in the cargo protein for its autophagic targeting. We summarize the current understanding of the molecular machineries behind each of these types of autophagy.
A variety of mechanisms deliver cytosolic materials to the lysosomal compartment for degradation through autophagy. Here, we focus on two autophagic pathways, the chaperone-mediated autophagy and the endosomal microautophagy that rely on the cytosolic chaperone hsc70 for substrate targeting. Although hsc70 participates in the triage of proteins for degradation by different proteolytic systems, the common characteristic shared by these two forms of autophagy is that hsc70 binds directly to a specific five-amino acid motif in the cargo protein for its autophagic targeting. We summarize the current understanding of the molecular machineries behind each of these types of autophagy.
Autophagy refers to the degradation of a variety of cytoplasmic material in lysosomes (1) . The delivery of autophagic cargo to lysosomes inside double membrane vesicles (autophagosomes) or macroautophagy has become the best characterized form of autophagy ( Fig. 1) (2) . However, cytosolic materials reach the lysosomal lumen through other mechanisms that also contribute to the overall intracellular autophagic activity (3) . The lysosomal membrane can invaginate to internalize cargo in vesicles that pinch off from the invaginated membrane (4) . This process known as microautophagy is conserved from yeast to mammals and contributes to degradation of proteins and organelles sequestered "in bulk" or in a selective manner ( Fig.  1 ). Cytosolic proteins can also enter lysosomes for degradation through a protein translocation system at the lysosomal membrane, in a process known as chaperone-mediated autophagy (CMA) 2 (Fig. 1) (5) .
The first CMA studies saw the light (6) when autophagy was still considered a non-selective form of in bulk degradation. This made CMA the first evidence that autophagy can be selective, because only the subset of cytosolic proteins bearing in their amino acid sequence a pentapeptide recognized by hsc70 (heat-shock cognate protein of 70 kDa) was selected for degradation through CMA. The landscape of autophagy has changed, and selective forms of both macro-and microautophagy have been described ( Fig. 1 ). Cargo recognition by chaperones has been described for these three autophagic processes, and even the same chaperone, hsc70, can triage cytosolic proteins to all of them. hsc70 binds exposed hydrophobic residues in misfolded or aggregated proteins in the macroautophagy variant known as chaperone-assisted selective autophagy (7) . This is in clear contrast to the sequence-mediated targeting of proteins by hsc70 to CMA or a selective form of microautophagy, endosomal-microautophagy (eMI) (8) .
Here, we review these two forms of sequence-specific hsc70mediated selective autophagy describing their substrates, molecular effectors and regulators, and the intracellular compartments where they occur.
Chaperone-mediated autophagy

General description
CMA is a selective form of autophagy with distinctive mechanisms for cargo recognition and internalization into the lysosomal lumen (5) . Only proteins amenable to unfolding can be internalized in lysosomes by CMA through a mechanism with resemblance to protein transport systems into other organelles such as mitochondria or ER (5) .
CMA starts with binding of hsc70 (9) to a consensus pentapeptide motif in the substrate protein (6) . hsc70 targets these proteins to the lysosomal membrane, and after binding to the cytosolic tail of LAMP2A (lysosome-associated membrane protein type 2A) (10) , the substrate proteins are unfolded (11) and translocated one-by-one into the lysosomal lumen ( Fig. 2) . Transport through the membrane requires multimerization of LAMP2A into the CMA translocation complex (12) and a form of the hsc70 resident in the lysosomal lumen required to complete substrate translocation (13, 14) . The substrates are then rapidly degraded in the lysosomal lumen.
Although effectors of other forms of autophagy are conserved from yeast to mammals, LAMP2A, the essential CMA component (10), appears late in evolution. LAMP2A is a spliced variant of the lamp2 gene, absent in yeast, fungi, and worms (15) . A gene with homology to the mammalian lamp2 gene has been identified in Drosophila but with a C terminus homologous to LAMP2C, but there is no evidence of splicing. In zebrafish, the two lamp2 variants described show higher homology to the mammalian LAMP2B and -2C variants. The LAMP2A exon has so far been described only in birds and mammals (15) .
CMA, as the other components of the cellular proteostasis networks (16) , does not function in isolation. Blockage of CMA in vitro and in vivo is compensated for by up-regulation of macroautophagy and of the proteasome system in most cell types (17, 18) . Conversely, cells respond to inhibition of macroautophagy or the proteasome by constitutively activating CMA (19 -22) . In most cases, compensation ensures the maintenance In macroautophagy, cargo (proteins and organelles) sequestered inside autophagosomes in bulk (non selective macroautophagy) or selectively (left) is then delivered to lysosomes through autophagosome/lysosome fusion. In CMA all cargo (proteins) are selectively delivered to lysosomes upon recognition by hsc70 and targeting and binding to the lysosomal membrane protein LAMP2A. Microautophagy requires invagination of the lysosomal membrane to degrade cytosolic material. Proteins and organelles can also be targeted to late endosomes for degradation in mammals through what is known as endosomal microautophagy. Whether mammalian cells are able to directly invaginate the lysosomal membrane to trap cytosolic cargo, as described in yeast, remains unknown (??). CASA, chaperone-assisted selective autophagy.
Figure 2.
Steps and lysosomal membrane components of CMA. Proteins degraded through CMA are recognized by hsc70 in the cytosol (step 1) and are targeted to the lysosomal membrane where they bind to LAMP2A (step 2). Substrate binding triggers multimerization of LAMP2A (step 3) to form the complex that mediates substrate translocation (step 4). hsp90 stabilizes LAMP2A through this transition, and luminal hsc70 assists with the internalization of the substrate that then is rapidly degraded by lysosomal proteases (step 5). The stability of LAMP2A in the translocation complex is regulated by the depicted subset of proteins. Once substrate translocate, LAMP2A, dissociates into monomers (step 6). Changes in the turnover of LAMP2A at the lysosomal membrane also contribute to modulate CMA activity (step 7).
THEMATIC MINIREVIEW: Chaperones and selective autophagy of cellular quality control and the energetic balance under basal conditions (17) (18) (19) . However, these systems are not redundant, and upon persistent loss, compensation is no longer possible (17, 19) . For example, CMA is up-regulated in cells of Huntington's disease patients to compensate for macroautophagy malfunctioning (23) . However, this continuous overloading of CMA accelerates the normally occurring decline of CMA with age and contributes to accumulation of pathogenic huntingtin and other prone-to-aggregate proteins (23) .
Characteristics of the proteome amenable for CMA degradation
All proteins degraded by CMA contain a pentapeptide-targeting motif and can completely unfold (24) . Cytosolic origin was considered a characteristic of all CMA substrates but, recent studies, support that proteins from other compartments (i.e. nucleus or mitochondria) can also be degraded by CMA if they access the cytosol (18, 25) .
The need for substrate unfolding is imposed by the translocation complex. Studies using an artificial CMA substrate unable to unfold demonstrated that unfolding is not required for lysosomal binding, but it is absolutely necessary for lysosomal translocation (11) . Protein aggregates, irreversible oligomers (26 -28) , and proteins part of multiprotein complexes can only be degraded by CMA after disassembly and complete unfolding (29) .
The pentapeptide-targeting motif in CMA substrates is necessary for their identification by hsc70 and sufficient for their lysosomal targeting (6) . In fact, insertion of the motif in fluorescent proteins leads to their lysosomal degradation via CMA and are used as reporters of CMA activity (21) . The motif is defined as KFERQ-like and is based on specific biochemical and physical properties of its constituent amino acids (24) . Early experimental studies demonstrated that hsc70 binds to targeting motifs that contain one or two of the positively charged amino acids lysine (K) or arginine (R), one or two of the hydrophobic amino acids, phenylalanine (F), valine (V), leucine (L) or isoleucine (I), and one of the two negatively charged amino acids, aspartic acid (D) or glutamic acid (E), flanked by a glutamine (Q) on either side of this pentapeptide (6, 24) .
Approximately, 40% of proteins in mammalian proteomes contain this KFERQ-like motif making them amenable for CMA once it is exposed (i.e. by unfolding, dissociation from other proteins, or from membranes) and accessible to hsc70 (24) . The number of potential CMA substrates is estimated to be even higher, as new motifs can be generated by post-translational modifications such as phosphorylation (that contributes the negative charge) or acetylation of a lysine (that behaves as a glutamine) (30 -33) .
The presence of a KFERQ-like motif is required to classify a protein as bona fide CMA substrate, but as described below, it is no longer sufficient because the same motif is also used by hsc70 to target cytosolic proteins to late endosomes via eMI (8) . Hence, validation of proteins as CMA substrates requires experimental validation (5, 34) .The list of experimentally validated CMA substrates continues to grow and includes a broad variety of proteins involved in diverse cellular processes such as glycolytic enzymes (18, 30, 35, 36) , lipogenic enzymes (18), lipid droplet structural proteins (32), RNA-modifying enzymes (37) , proteins involved in calcium biology (38, 39) , transcription factors and their regulators (40 -42) , cell cycle regulators (25) , ubiquitin-proteasome components (43) , proteins involved in immune function (39, 44) , and in cell survival/cell death decisions (45) (46) (47) (48) , as well as a subset of proteins that contribute to the pathogenesis of known neurodegenerative disorders (23, 26 -28, 43, 49 -51) .
Specific lysosomes dedicated to CMA
Even though the LAMP2A receptor is present in all types of lysosomes, not all lysosomes can perform CMA. The presence of hsc70 in lysosomes defines their CMA capabilities (14) . The abundance of CMA-competent lysosomes (enriched on hsc70) fluctuates depending on the CMA requirements. During high CMA activity demand (i.e. sustained periods of starvation (14) and mild oxidative stress (52)), the number of CMA-competent lysosomes increases at the expense of a reduction in the number of other types of lysosomes (53) . A similar lysosomal switch occurs during aging, when the number of LAMP2A molecules per lysosome decreases and cells compensate for this loss by increasing the percentage of lysosomes containing hsc70 (54) .
Experimental introduction of hsc70 in the lumen of CMAincompetent lysosomes is sufficient to make them capable to perform CMA (14) , suggesting that CMA-inactive lysosomes contain the rest of the CMA machinery. Despite their higher efficiency for CMA, these lysosomes can still engage in the other autophagic pathways. For example, CMA-active lysosomes can fuse with autophagosomes, albeit with lower efficiency (55) .
Lysosomal and cytosolic hsc70 originate from the same gene, but they present different electrophoretic properties in support of compartment-specific post-translational modifications (13) . The exact mechanism by which hsc70 reaches lysosomes is unknown. Neither blockage of macroautophagy (20) or CMA (56) reduced the content of hsc70 in lysosomes. The abundance of hsc70 in late endosomes (8) makes attractive the idea that endosome/lysosome fusion may contribute hsc70 to the lysosomal lumen. The resistance of hsc70 to degradation is only maintained at a very acidic pH and small increases in lysosomal pH render lysosomal hsc70 unstable (14) . It is possible that fluctuations in lysosomal pH determine changes in hsc70 conformation and lead to its rapid degradation.
The relatively small fraction of total intracellular hsc70 present in lysosomes has made it difficult to study. The proposed contribution of luminal hsc70 to substrate translocation is based on the fact that lysosomes lacking luminal hsc70 can bind CMA substrates, but do not internalize them, and that blockage of luminal hsc70 with antibodies against hsc70 internalized by endocytosis abolished CMA degradation (13) .
Key CMA components: lysosomal chaperones and LAMP2A
Both cytosolic and lysosomal hsc70 are indispensable for CMA. A subset of co-chaperones, including Hsp90, Hsp40, the Hsp70 -Hsp90-organizing protein (Hop), the Hsp70-interacting protein (Hip), and the Bcl2-associated athanogene 1 protein (BAG-1) associate to the complex hsc70/KFERQ-containing proteins (57), although the specific contribution of each of THEMATIC MINIREVIEW: Chaperones and selective autophagy them to CMA remains unknown. Their many other cellular functions make the phenotypes resulting from their genetic knockdown difficult to interpret and of little use for understanding their role in CMA. Incubation of isolated lysosomes with blocking antibodies against hsc70 co-chaperones present at the lysosomal surface reduces substrate translocation suggesting that they could play a dual function by assisting hsc70 in substrate targeting and in their unfolding at the lysosomal membrane ( Fig. 2) (57) . hsc70 also participates in a later CMA step when it actively mediates disassembly of LAMP2A from the CMA translocation complex (12) . The coordination and switch between these distinctive functions of hsc70 in different steps of CMA remain poorly studied.
Another key player in CMA is the membrane protein LAMP2A, required for both substrate binding and translocation (10, 12) . Binding to LAMP2A is the rate-limiting step of CMA, and therefore, changes in the levels of LAMP2A at the lysosomal membrane up-regulate or down-regulate CMA (58) . The lysosomal content of LAMP2A depends on its rates of de novo synthesis, efficiency of lysosomal trafficking, and changes in its half-life once in lysosomes. For example, LAMP2A synthesis increases during CMA activation by oxidative stress (52) or during T cell activation (39) . The increase in lysosomal levels of LAMP2A during starvation is attained through a decrease in its degradation at the lysosomal membrane (58, 59) and relocation of LAMP2A present in the lysosomal lumen toward the membrane (58) . Sub-compartmentalization of LAMP2A at the lysosomal membrane is responsible for its dynamic regulation. Under resting conditions, LAMP2A is periodically sequestered into lipid microdomains for cleavage by cathepsin A that initiates its membrane release and rapid degradation in the lumen (60) . Upon CMA activation, LAMP2A is actively excluded from these microdomains (60) . Recent studies have shown that defective targeting of LAMP2A from the Golgi to lysosomes is behind the low efficiency of CMA in the lysosomal storage disease cystinosis (61, 62) . These findings highlight LAMP2A trafficking as a possible additional mechanism for regulation of CMA activity.
Binding of CMA substrates to LAMP2A occurs through its short (12 amino acids) cytosolic tail. Blockage of this region with specific antibodies, addition of a 12-residue peptide with the same amino acid composition, or swapping of this cytosolic tail with the one present in LAMP2B or LAMP2C reduce CMA (10, 63) . Four positively charged residues, only present in the LAMP2A tail but not in B or C, are necessary for substrate binding (63) .
Substrate binding to LAMP2A triggers the multistep transition of monomeric forms of LAMP2A into multimers (64) and their final assembly with other proteins into a translocation complex of about 700 kDa ( Fig. 2) (12) . Formation of this complex is transient and dynamic, as it disassembles once the substrate is translocated into the lysosome (12, 65) . Continuous cycles of assembly and disassembly of LAMP2A may occur because substrates can only bind monomeric LAMP2A and can only be transported into the lumen when LAMP2A is in the translocation complex (12) .
A second chaperone implicated in CMA is the lysosomal hsp90, which localizes both at the cytosolic and luminal sides of the lysosomal membrane. The latter helps to stabilize LAMP2A as it transitions through the different stages of multimerization (12) .
CMA regulation
CMA is under regulatory mechanisms self-contained in the lysosomal compartment (65) . Cleavage by cathepsin A determines the stability of monomeric LAMP2A (60), whereas the stability of the multimeric LAMP2A complex is regulated in a GTP-dependent manner by two proteins: GFAP (glial fibrillary acidic protein) and EF1␣ (elongation factor 1␣) (65) . GFAP associates transiently with multimeric LAMP2A and prevents hsc70-mediated disassociation of this complex (Fig. 2) . A phosphorylated variant of GFAP is also present at the lysosomal membrane but is bound to EF1␣, which makes it inaccessible for binding to other proteins. In the presence of GTP, EF1␣ is released from the lysosomal membrane, and unmodified GFAP moves from the multimeric complex to bind the exposed phospho-GFAP (65). This results in disassembly of LAMP2A from the CMA translocation complex and its return to the monomeric state (65) .
Phosphorylation of lysosomal GFAP is performed by Akt1 under the control of the mechanistic target of rapamycin complex 2 (mTORC2), both at the lysosomal membrane (31) . mTORC1, shown to negatively regulate macroautophagy, is present in all type of lysosomes, including CMA-competent lysosomes, but modulation of mTORC1 with drugs such as rapamycin does not affect CMA activity (21) . In contrast, mTORC2 and its effector kinase Akt1 are almost exclusively detected in CMA-competent lysosomes where they negatively regulate assembly of LAMP2A into the CMA translocation complex (31) . When CMA activation is needed, the phosphatase PHLPP1 (pleckstrin homology domain and leucine-rich repeat protein phosphatase 1), responsible for dephosphorylating Akt1, is recruited to lysosomes and stabilized at the membrane by the GTPase Rac1 (31) . Reduced Akt1 activity increases the pool of non-phosphorylated GFAP thus favoring formation of the CMA translocation complex (Fig. 2) .
Besides the lysosomal regulation of CMA, signaling through the nuclear receptor retinoic acid receptor ␣ (RAR␣) (66) and the calcineurin-nuclear factor of activated T cells (NFAT) pathway (39) also regulate CMA. Genetic knockdown of RAR␣ activates CMA in a transcription-dependent manner, suggesting that this nuclear receptor is an endogenous inhibitor of the subset of genes required for CMA (66) . In T cells, CMA is activated upon engagement of the T cell receptor (TCR) that through generation of mitochondrial ROS promotes nuclear translocation of NFAT1 and its binding to the lamp2 promoter (39) . Inhibition of calcineurin (activator of NFAT) or blockage of ROS production prevents CMA activation in this context.
Physiological relevance of CMA
CMA activity is detectable at basal conditions in most cells, but maximal activation occurs during stress such as nutrient deprivation (53, 67) , mild-oxidative stress (52, 68) , exposure to genotoxic or proteotoxic stressors (25, 69), hypoxia (70, 71), and lipid overload ( Fig. 3) (32, 72 ).
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In most cells, CMA is up-regulated after periods of nutrient deprivation of 10 h or longer (17, 53) following the earlier macroautophagy response to starvation. Although macroautophagy switches from proteins to lipid (lipophagy) after 4 -6 h of starvation (73), CMA activation persists past 3 days of starvation (53) becoming a source of recycled amino acids for protein synthesis (74) . Part of these amino acids may also be used as cellular fueling, because cells with compromised CMA have reduced ATP levels (17, 75) and restoration of normal CMA activity in the livers of old mice increases their ATP content (76) . Recent studies support that CMA may modulate cellular energetics through mechanisms other than mere amino acid recycling. Mice with selective knockout of LAMP2A in hepatocytes display defective handling of glucose and lipids due to loss of their ability to regulate levels of key metabolic enzymes that are usually turned over by CMA when their activity needs to be suppressed (18) .
CMA also participates in protein quality control through selective removal of altered or damaged proteins (Fig. 3) . Upregulation of CMA upon mild oxidative stress facilitates degradation of oxidized proteins (52) that otherwise will aggregate and persist as intracellular protein inclusions (17) . This explains why CMA blockage associates with an increase in intracellular protein aggregates (17, 56) and why old mice with preserved CMA activity show reduction in the age-dependent increase in aggregate-oxidized proteins (76) .
The ability of CMA to selectively degrade intracellular proteins confers it specialized functions such as regulation of transcription by degradation of several transcription factors or control of cell cycle progression through degradation of cell cycle arrest proteins. CMA contributes to regulation of neuronal survival by degrading inactive forms of the transcription factor MEF2D (myocyte enhancer factor D) (45), of NFB-mediated transcription via IB␣ degradation (41) , and of kidney growth through regulation of transcription factor Pax2 (42) . The role of CMA in T cell activation is a result of its ability to timely degrade the negative regulators of T cell activation Itch and RCAN1 (39) . Contribution of CMA to the immune response through the presentation of antigens in macrophages has also been described ( Fig. 3) (77) .
Interestingly, the contribution of CMA to protein quality control is compensated for by activation of macroautophagy and proteasome (18) , but CMA regulatory functions of CMA are not absorbed by these other systems (39) . These findings further supporting that autophagic pathways are not redundant and that each participates in specific cellular functions depending on their timing of activation and on substrate selectivity.
Endosomal microautophagy
General description
The concept that the lysosomal membrane invaginates to trap cytosolic components for degradation was proposed in the very early days of the discovery of autophagy. This process, termed microautophagy (4), was first studied in liver (78) . Later studies described that yeast use a similar process for the sequestration and degradation of peroxisomes when switched to glucose as a source of energy (79) and lead to the discovery that some of the genes required for peroxisome microautophagy (GSA genes) (80) were shared with macroautophagy (81) . Reconstitution of yeast microautophagy in vitro with isolated vacuoles (82) has allowed us to further identify the molecular machinery involved in this process (83) .
The term microautophagy has been reserved for degradation of intracellular proteins and organelles directly engulfed by lysosomes or the vacuole (in yeast) (3). This degradation has THEMATIC MINIREVIEW: Chaperones and selective autophagy now proven able to discriminate cargo, giving rise to terms such as micropexophagy (for peroxisomes) (79, 80) , micromitophagy (for mitochondria) (84), or microlipophagy (for lipid droplets) (85) . Even portions of the nucleus can undergo degradation through this invagination-mediated process (piecemeal microautophagy) (86) . Selectivity of yeast microautophagy has been further supported by the discovery of specific cargo receptors, such as Nvj1p in piecemeal microautophagy (87) .
The study of mammalian microautophagy has been slower because of the inability to detect an invagination-like process in secondary lysosomes and the fact that essential genes for yeast microautophagy have no conserved function in mammals. Relatively recent studies demonstrated that a degradative process of similar characteristics to yeast microautophagy occurs in mammals and in late endosomes/multivesicular bodies (LE/ MVB) instead of lysosomes (8) . This process, termed eMI, contributes to in bulk degradation of proteins present in cytosol trapped in vesicles forming at the LE membrane. However, some cytosolic proteins can also be selectively degraded by eMI after hsc70 binds in their sequence to the same pentapeptide motif previously described for CMA ( Fig. 4) (8) . hsc70 is not necessary for cargo targeting to microautophagy in yeast, but recent studies support the occurrence of hsc70-mediated eMI in Drosophila (88, 89). Below, we describe this type of hsc70dependent eMI in the context of other types of microautophagy and in comparison with CMA ( Fig. 5 ).
eMI substrates
Mammalian eMI originated from studies attempting to characterize the contribution of autophagic pathways to antigen presentation in dendritic cells. Analysis of LE/MVB, where cytosolic antigens are processed for presentation, revealed that arrival of some cytosolic proteins persisted even upon genetic blockage of macroautophagy or CMA (8) . However, blockage of components of the ESCRT complex I, required for MVB formation, abrogated trafficking of these cytosolic proteins into endosomes. Interestingly, most of the cytosolic proteins internalized through this ESCRT-dependent process underwent full degradation instead of limited cleavage for antigen presentation, thus fulfilling the criteria of an autophagic pathway (8) . In fact, studies in other cell types and organs (i.e. liver and brain) confirmed that non-immunological cells also display this form of autophagy (8, 90) that has been named eMI to highlight its cellular localization.
Comparative proteomic analysis of MVB in cells with functional or disrupted ESCRT identified the pool of proteins usually degraded by eMI and confirmed the cytosolic origin of most of them (8) . Some of these proteins were present in the vesicles at a similar ratio as in the cytosol, suggesting in bulk internalization. However, hsc70 and proteins bearing the KFERQ-like motif, previously associated only with CMA, were highly enriched in the vesicles (8) . In vitro studies reconstituting eMI with isolated LE confirmed that proteins such as GAPDH or RNase A, classic examples of CMA substrates, can also be internalized in an hsc70-and ESCRT-dependent manner by eMI and that mutations in the KFERQ-like motif disrupt their targeting (8) . In fact, an early proposed reporter for CMA activity based on fluorescent tagging of GAPDH has now been shown to undergo degradation by both pathways, thus limiting its usabil- THEMATIC MINIREVIEW: Chaperones and selective autophagy ity to differentiate between them (91) . Endogenous proteins such as Tau, a cytoskeletal protein associated with neurodegeneration, also undergo simultaneous degradation by both eMI and CMA (90) . The fact that pathogenic mutations in Tau switch the percentage of the protein degraded by each of these pathways (90) suggests that intrinsic properties of the protein (i.e. mutations, post-translational modifications, oligomeric state, etc.) may be responsible for the autophagic switch of the substrate.
Despite sharing the KFERQ-like motif, CMA and eMI substrates are not fully overlapping. KFERQ-like motif-bearing proteins in a state of semi-aggregation, organized into higher molecular weight complexes or unable to unfold, cannot by degraded by CMA but are still amenable for eMI degradation. Thus, similar experiments to the ones that showed that proteins unable to unfold cannot undergo degradation by CMA (11) support that unfolding of cytosolic KFERQ-like bearing proteins is not a requirement for their association with late endosomes (8) . Furthermore, contrary to CMA where the presence of the KFERQ-like targeting motif is necessary and sufficient for hsc70-mediated lysosomal targeting, adding a KFERQ-like motif is not sufficient for targeting of proteins through mammalian eMI. For example, the CMA reporter with a KFERQ-like sequence added to photo-switchable proteins is only targeted to CMA-competent lysosomes but not to endosomes (21) , suggesting that the motif is necessary but not sufficient for mammalian eMI. As more eMI substrates become validated, identification of protein sequence or structure requirements for eMI targeting should become possible. In this respect, recent studies in Drosophila have demonstrated that a subset of synaptic proteins is turned over selectively by eMI (88). Interestingly, the requirements for Drosophila eMI are different, and addition of the KFERQ motif to a fluorescent protein is sufficient for its targeting through this pathway (89) . Co-existence of CMA and eMI in mammals but not in Drosophila could have forced the need of a second requirement in mammals. Fig. 5 summarizes the main differences described so far between CMA and eMI and the experimental steps currently recommended to differentiate substrates for each of these pathways.
Late endosomes: Hosts for eMI
LEs are the point of entry of cytosolic proteins for eMI as their membrane contains a dedicated machinery (the ESCRT proteins) for invagination, formation of MVB, and their excision for release into the endosomal lumen. This process of LE membrane microvesiculation has been well-characterized in the context of degradation of membrane proteins internalized by endocytosis and in the extracellular release of cytosolic material in the form of exosomes. Components of the ESCRT complex I (i.e. TSG101), II (VPS25), and III (VPS32) and two of the accessory proteins, VPS4 and Alix, have been proven necessary for eMI ( Fig. 4) (8, 89) . Whether the full ESCRT machinery is required for eMI or whether biogenesis and properties of MVB for eMI differ from those utilized in membrane protein recycling is still unknown. Similarly, it is not clear whether deg- THEMATIC MINIREVIEW: Chaperones and selective autophagy radation of plasma membrane proteins and eMI occur in the same type of late endosomes, or whether, as in the case of CMA, there is a specific subpopulation of LE dedicated to eMI.
Studies in vitro support that some eMI substrates undergo degradation in LE (i.e. Tau (90) ), whereas other proteins (i.e. GAPDH) are internalized in LE, but their degradation is markedly less efficient than in lysosomes (8, 90) . It is possible that in these cases most of the degradation occurs by endosomal/lysosomal fusion. Studies in Drosophila support this final degradation of eMI cargo in lysosomes, because an artificial eMI fluorescent substrate can be detected in LAMP1-positive compartments that lack endosome markers (89) .
It is important to clarify that the process of eMI is different from the process of loading MVB for release as exosomes. Although both processes share ESCRT components for the loading of cytosolic proteins in MVB, the fate of the cargo is different. Thus, the term eMI should be limited for cytosolic proteins loaded in MVB that undergo degradation in this compartment or upon lysosomal fusion, whereas MVB loading for extracellular release of cytosolic proteins inside exosomes is a type of exocytosis and not a type of autophagy.
Molecular machinery of eMI
Although not required for all forms of microautophagy, hsc70 is the component that defines the type of selective eMI described in this Minireview. Upon binding the eMI substrate proteins through their KFERQ-like motif, hsc70 targets them to LE (8) . The co-chaperone Sgt modulates the switch between the chaperone and eMI functions of hsc70 in Drosophila (88). However, the determinants of cargo triage between CMA and eMI remain unknown. During eMI, hsc70 binds directly to LE membranes, but despite their abundance on LAMP2A, hsc70 binds directly instead to phosphatidylserine (PS) at the LE membrane through a stretch of 4 -5 lysine residues in the C terminus of the hsc70 LID domain ( Fig. 4) (8) . Mutations in this region have also revealed that PS binding is required to trigger cargo internalization (92) . The role of hsc70 in eMI substrate internalization may be mediated by its ability to deform membranes through oligomerization (88). Whether hsc70 piggybacks in forming MVB or whether it actively triggers their formation is still unknown. Different from CMA, where after transferring the substrate to LAMP2A hsc70 is released back to the cytosol, in the case of eMI, hsc70 undergoes internalization and degradation with the cargo protein (8) .
Several protein complexes have been implicated in other forms of microautophagy. For example, clathrin and a family of ER proteins (class E VPS) are necessary for yeast microlipophagy (93, 94) , the family of proteins Niemann-Pick type C and the phosphoinositide-binding protein Ivy1 for the formation of membrane invaginations in yeast microautophagy (95, 96) , and specific cargo-recognizing proteins contribute to micropexophagy, micromitophagy, and piecemeal microautophagy of the nucleus (84, 85, 87) . However, the lack of systematic studies makes it difficult to sort out which molecular players are common to all microautophagy processes and which ones are process-specific. Similarly, the involvement of macroautophagy proteins (Atg) in microautophagy seems to depend on the type of microautophagy. Thus, yeast microlipophagy occurs independent of Atgs, whereas Drosophila eMI requires Atg1 and Atg13 (89) .
eMI regulation
Activation of mammalian eMI has not been observed late upon starvation (8) , in clear contrast with Drosophila eMI, which is maximally activated after starvation exceeding 24 h (89) . This responsiveness of eMI to starvation in flies has led us to propose that eMI functions could have split late in evolution between eMI and CMA. The fact that Atg1 and Atg13, required for Drosophila eMI, act downstream of TOR suggests that this major nutrient sensor may be behind the starvation-induced activation of eMI. TOR and EGO also regulate yeast microautophagy (97) and microlipophagy (96) , and 5Ј-AMP-activated protein kinase and Atg14 have also been implicated in the activation of microlipophagy (85) .
Cytosolic hsc70 is a very abundant protein whose levels remain rather constant making it unlikely that changes in hsc70 levels are physiologically used to regulate eMI. Vesicle formation is the limiting step of microautophagy in yeast (82) and that also seems to be the case in eMI (92) . It is thus more likely that changes in levels and dynamics of the assembly of ESCRT proteins may contribute to eMI regulation. It is also possible that availability of specific nutrients may contribute to modulate eMI through direct changes in the lipid composition of the late endosomal membrane, for example by expanding the raft-like membrane regions as recently described in yeast (95) .
Physiological functions of eMI
Cellular functions of eMI remain for the most part unknown. A role for eMI in protein quality control has been proposed in light of its constitutive nature and the accumulation of oxidized proteins (most of them bearing KFERQ-like motifs) in MVB from old animals (98) . Failure to timely eliminate these oxidized products in the dendritic cells of old mice negatively impacts LE and antigen processing and presentation with age. Yeast microautophagy contributes to quality control of intracellular membranes (99) .
Selective targeting of proteins through eMI makes possible a regulatory effect of eMI on specific cellular processes by controlling intracellular levels of their limiting proteins. In this respect, blockage of eMI in Drosophila slows down neurotransmission by altering degradation of specific synaptic proteins (88). Active search for eMI substrates will help in gaining an understanding of the physiological relevance of this pathway.
Concluding remarks and pending questions
The landscape of selective autophagy has undergone major changes in recent years. Although CMA initially pioneered the concept of selectivity in lysosomal degradation, nowadays some level of selectivity in the cargo degraded has been described for almost every type of autophagy. As the molecular determinants of each pathway become known, it should become easier to understand the differences among these autophagic processes and their specific physiological relevance. The fact that the two different pathways described in this Minireview share not only the same chaperone but even the specific way in which hsc70 binds to the cargo highlights the level of cross-talk among dif-THEMATIC MINIREVIEW: Chaperones and selective autophagy ferent autophagic pathways and the existence of the mechanism in place, whereby substrates of a pathway can be easily rerouted to another pathway. However, the different dynamics and timing of activation of CMA and eMI make it impossible to compensate for specific regulatory functions of each of these pathways and result in functional phenotypes. Many open questions remain about the molecular mechanisms behind CMA and more so about eMI, their regulation and bases of their cross-communication with other pathways, and how hsc70 triages substrates between CMA and eMI. Further understanding of which intrinsic properties of the substrate proteins contribute to the hsc70-mediated triage will also help to complete this picture.
